Transcription is the first and most heavily regulated step in gene expression. Sigma (σ) factors are general transcription factors that reversibly bind RNA polymerase and mediate transcription of all genes in bacteria. σ factors play three major roles in the RNA synthesis initiation process, they: a) target RNAP polymerase holoenzyme to specific promoters, b) melt a region of double- 
-family σ factors including the essential primary (or Group I) σ factor and a variable number of alternative σ factors that can be categorized as Group II, III, or IV proteins (Lonetto et al. 1992 , Missiakas and Raina 1998 , Gruber and Gross 2003 . In most bacteria, Group II and III σ factors collectively regulate the expression of a large number of genes including those involved in general stress responses, flagellar structure and function, chemotaxis, and developmental processes such as endospore formation. Group IV (or Extracytoplasmic Group I σ 70 consists of four folded domains (called σ 1 , σ 2 , σ 3 , σ 4 ) connected by linker sequences of varying lengths (see Fig. 1a for a schematic representation) (Malhotra et al. 1996 , Campbell et al. 2002 , Murakami et al. 2002 , Vassylyev et al. 2002 . All of these domains mediate either protein-protein interactions with core RNAP, important interactions with promoter DNA, or catalyze mechanistically important steps in the transcription initiation process. Prior to the detailed structural information emerging from crystallographic analyses, peptide segments of σ were delineated by regions (regions 1, 2, 3, and 4) and sub-regions on the basis of functional roles and amino acid sequence conservation (Gribskov and Burgess 1986, Helmann and Chamberlin 1988) (Fig. 1b) . These regional peptide designations, although in some sense superseded by more definitive tertiary structural determinations, are still useful for indicating contiguous, functionally important segments of amino acids within the folded domains. For example, amino acids within region 2.3 (a small component of σ 2 ) are especially important for
stabilizing the promoter open-complex that is essential for the initiation of transcription (Juang and Helmann 1994, DeHaseth and Helmann 1995) .
Of the four σ 70 domains, σ 2 and σ 4 are the most functionally important portions of the σ factor.
A segment of amino acids in domain σ 4 (region 4.2, Fig. 1b) forms a helix-turn-helix motif that recognizes and interacts with the -35 promoter element. This domain also forms a proteinprotein interaction with the β subunit of core RNAP that is required for holoenzyme formation (Geszvain et al. 2004) . σ 2 likewise makes essential contact with core via the β' subunit (Arthur and Burgess 1998) and participates in essential functional interactions with the -10 element (Fig. 1c) . The smallest σ 70 proteins, the ~ 20 kDa Group IV or ECF σ factors consist only of D r a f t 7 domains σ 2 and σ 4 (Campbell et al. 2003) , highlighting the functional importance of these domains.
The activities of the bacterial σ factor i) the σ factor as a specificity factor σ factors are general transcription factors that were first identified in 1969 as proteins that stimulate transcription by RNAP (Burgess et al. 1969) . Several experimental pursuits demonstrated their importance in recognizing promoter DNA and targeting RNAP to this DNA (Dickson et al. 1975 , Gardella et al. 1989 , Siegele et al. 1989 , Zuber et al. 1989 ). See Feklístov et al. (2014 and references therein, for a historical perspective on the discovery of σ factor and its function and Hook-Barnard and Hinton (2007) for a detailed review of promoter structure and characterization. Though by no means invariant, the most common arrangement for σ 70 promoters is the presence of two highly conserved sequences situated -10 and -35 nucleotides upstream of the +1 transcription start site (Fig. 1c) . Despite an estimated 2 billion years since the divergence of Gram negative and Gram positive cell types from a common ancestor (Doolittle et al. 1996 , Feng et al. 1997 , high conservation remains amongst the -10 and -35 subsequences found in bacterial promoters recognized by the primary σ factor, as illustrated by E. coli ( Fig. 1d) and Bacillus subtilis (Fig. 1e ) -10 element sequence logos. Other promoter elements such as the UP element (Aiyar et al. 1998) , the extended -10 element (Keilty and Rosenberg 1987 , Barne et al. 1997 , Sanderson et al. 2003 , and the discriminator element (Travers 1980 , Haugen et al. 2006 (Fig. 1c) are functionally important in many sequences. An overly simplified view of σ factor specificity is that each σ factor in a cell (these may number D r a f t 8 between 1 and >100 proteins depending on the species) (Feklístov et al. 2014 ) predominantly recognizes a unique -10 and -35 sequence combination and all of the genes preceded by this unique sequence constitute the regulon (the collection of regulated genes) specific for that σ factor. In reality, some distinct σ factors share very similar recognition elements with others and significant cross-recognition can occur. Achieving near-specific temporal patterns of gene expression in cells is dependent on several factors including the relative concentration of a specific free σ factor in the cytoplasm, its relative affinity for core RNAP (these two parameters influence its ability to compete for limiting amounts of available core), and the action of accessory proteins, such as activator transcription factors.
Interestingly, study of the E. coli ECF factor σ E led to the discovery that a short amino acid loop connecting two helices in σ 2 region 2.3 of Group IV σ factors acts as a specificity determinant that recognizes a key single base at position -10 in the promoter -10 element. The sequence of this specificity loop is poorly conserved amongst ECF σ factors and variant loop sequences mediate recognition of a specific -10 element carrying a specific -10 base. In this way, multiple ECF σ factors in a cell can differentiate between very similar promoter sequences (Campagne et al. 2014 ).
σ factor specifically recognizes and binds the -35 hexanucleotide sequence through multiple helix-turn-helix/major groove and non-specific interactions (Gardella et al. 1989 , Siegele et al. 1989 , Kenney and Moran 1991 , Campbell et al. 2002 , Lane and Darst 2006 . It was a reasonable expectation that a similarly well-defined interaction would occur between σ and the conserved double-stranded -10 element although biochemical analyses have strongly implied that single-
stranded non-template DNA might be a greater determinant of σ /-10 binding (Qiu and Helmann 1999 , Fenton and Gralla 2003 , Mekler and Severinov 2013 . As noted (Hook-Barnard and Hinton 2007), few mutations in σ factor that suppress -10 mutations have been isolated.
Recent structural analyses suggest that there are fewer intermolecular interactions between domain σ 2 and duplex -10 element DNA and these are primarily of a non-specific nature (Feklistov and Darst 2011) . At least for primary Group 1 σ factors, significant recognition and binding of the -10 element therefore seems to be dependent on, and concomitant with, strand opening. Although the -10 and -35 sequences are the most important promoter elements for σ factor (holoenzyme) recognition and binding, σ and also RNAP subunits make additional contacts with promoter DNA (Ruff et al. 2015) and interaction patterns are probably dynamic throughout the transcription initiation process (Fig. 2) .
ii) σ factor interaction with transcription factors
Most, but not all, transcription activator proteins stimulate holoenzyme-dependent transcription by binding to recognition sequences in the promoter. Theoretically, they can Accordingly, for those activators that at some promoters directly contact σ factor (e.g. λcI, Crp, AraC-family activators and others) (Niu et al. 1996 , Lonetto et al. 1998 , Dove et al. 2000 , 2003 the interaction site is usually with domain σ 4 , the moiety of σ that binds to the -35 subsequence (Lee et al. 2012) (Fig. 1b, c) .
Activators that appear to act proximal to the -10 element/ σ 2 region have also been identified. (Fig. 3b) between amino acid side chains from sub-region 2.3 (see Fig. 4c ) and the -10 element nucleotides occurs with these flipped out bases (Feklistov and Darst 2011). In the case of A -11 , several region 2.3 amino acids comprise a pocket that accommodates the purine base (Fig. 3a, b and 4a, b) and participate in stacking, cation-π, hydrogen bond, and Van der Waals interactions (Fig. 3b) . A proper fit between the -7T and -11A bases and their respective binding pockets may in part explain the rather strict conservation of these residues in the -10 elements of most bacterial promoters, including those in E. coli ( Fig. 1d) and B. subtilis ( regions and sub-regions of contiguous amino acid residues in σ, and indicating typical interactions with c) a representative σ 70 promoter with key elements indicated (EXT, extended -10 element; DISC, discriminator sequence). d) Sequence logo (Schneider and Stephens 1990) for the E. coli primary σ factor -10 element generated from 950 sequences (Gama-Castro et al.
2015
). e) Sequence logo for B. subtilis primary σ factor -10 element generated from 656 sequences (Sierro et al. 2008) . (Saecker et al. 2011 , Ruff et al. 2015 . Transcription start site (+1) indicated by angled arrow.
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